Breen, Christopher M., Destiny B. Sykes, Gert Fricker, and David S. Miller. Confocal imaging of organic anion transport in intact rat choroid plexus. Am J Physiol Renal Physiol 282: F877-F885, 2002; 10.1152/ajprenal.00171. 2001.-We used confocal microscopy and quantitative image analysis to follow the movement of the fluorescent organic anion fluorescein (FL) from bath to cell and cell to blood vessel in intact rat lateral choroid plexus. FL accumulation in epithelial cells and underlying vessels was rapid, concentrative, and reduced by other organic anions. At steady state, cell fluorescence exceeded bath fluorescence by a factor of 3-5, and vessel fluorescence exceeded cell fluorescence by a factor of ϳ2. In cells, FL distributed between diffuse and punctate compartments. Cell and vessel accumulation of FL decreased when metabolism was inhibited by KCN, when bath Na ϩ was reduced from 130 to 26 mM, and when the Na ϩ gradient was collapsed with ouabain. Cell and vessel accumulation increased by Ͼ50% when 1-10 M glutarate was added to the bath. Finally, transport of FL and carboxyfluorescein (generated intracellularly from carboxyfluorescein diacetate) from cell to blood vessel was greatly diminished when medium K ϩ concentration ([K ϩ ]) was increased 10-fold. These results 1) validate a new approach to the study of choroid plexus function, and 2) indicate a two-step mechanism for transepithelial organic anion transport: indirect coupling of uptake to Na ϩ at the apical membrane and electrical potential-driven efflux at the basolateral membrane. transepithelial transport; potential-driven efflux; blood-brain barrier; 2,4-dichlorophenoxyacetic acid; fluorescein THE CHOROID PLEXUS together with brain capillaries constitutes the blood-brain barrier, which regulates the fluid environment of the central nervous system (CNS) and protects the tissue from potentially toxic chemicals. In many respects, the choroid plexus functions as the "kidney of the brain," producing cerebrospinal fluid (CSF), absorbing nutrients from the blood, and removing xenobiotics, xenobiotic metabolites, and waste products of metabolism from the CNS for subsequent excretion in bile and urine. Like the renal proximal tubule and the liver, the choroid plexus possesses one or more potent excretory transport systems for organic anions. A number of small organic anions are substrates for transport; these include neurotransmitter metabolites [5-hydroxyindoleacetic acid (4, 26)], drugs such as penicillin (22, 23), and environmental pollutants including 2,4-dichlorophenoxyacetic acid (2, Ref. 18). Recent experiments with isolated apical membrane vesicles from choroid plexus and with choroid plexus slices show that 2,4-D uptake at the apical membrane is driven by indirect coupling to Na ϩ through organic anion dicarboxylate exchange and Na ϩ -dicarboxylate cotransport (20). However, nothing is known about how organic anions are distributed within the tissue and what processes drive the exit step at the basolateral membrane.
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Small size, inaccessible location, and morphological complexity limit our ability to characterize and study the mechanisms responsible for transport in intact mammalian choroid plexus. Twenty-five years ago, Bresler and colleagues (1) used fluorescence microscopy to demonstrate that the small fluorescent organic anion fluorescein (FL) accumulated within choroid plexus tissue. More recently, confocal microscopy and quantitative image analysis have been used to define mechanisms of organic anion transport in renal proximal tubule (10, 12) . In the present study, we employed these techniques to examine the mechanisms responsible for transepithelial transport of FL in intact rat choroid plexus. Our images show that a two-step mechanism drives transepithelial organic anion transport. One step is Na ϩ -dependent uptake at the apical (CNS side) plasma membrane. The second step is electrical potential difference (PD)-driven efflux from the cells at the basolateral membrane. These are the first experiments to demonstrate uphill transepithelial organic anion transport in choroid plexus in vitro and the first to shed light on events at the basolateral membrane.
MATERIALS AND METHODS
Chemicals. FL and carboxyfluorescein diacetate (CFDA) were obtained from Molecular Probes. [ 3 H]2,4-D was obtained from American Radiolabeled Chemicals. All other chemicals were of reagent grade or better and were obtained from commercial suppliers.
Animals. Adult male Sprague-Dawley rats (body wt 250-400 g) were obtained from Taconic Farms and were euthanized with CO 2. The top of the cranium was removed and the lateral choroid plexus was isolated using a Dumont no. 5 forceps inserted into each hemisphere. Tissue was immediately transferred to ice-cold artificial cerebrospinal fluid (aCSF) that contained (in mM) 103 NaCl, 4.7 KCl, 2.5 CaCl 2, 1.2 KH 2PO4, 1.2 MgSO4, 25 NaHCO3, 10 glucose, and 1 sodium pyruvate at pH 7.4 and was previously gassed with 95% O 2-5% CO2.
Confocal imaging. For imaging experiments, each plexus was divided into two pieces and each piece was transferred to a covered Teflon incubation chamber that contained 1.0 ml of pregassed aCSF with 0.5-1 M FL and added effectors. The chamber floor was a 4 ϫ 4-cm glass coverslip to which the tissue adhered lightly and through which it could be viewed by means of an inverted microscope. Fluorescent compounds and inhibitors were added to the incubation medium as stock solutions in aCSF or DMSO. Preliminary experiments showed that the final concentrations of DMSO used (Յ0.5%) had no significant effects on the uptake and distribution of FL or the uptake of 2,4-D. All transport experiments were conducted at room temperature (18-20°C) and all chambers with tissue were maintained in Ziploc plastic bags containing 95% O 2-5% CO2 under slight positive pressure until being removed for confocal imaging.
To acquire images, the chamber containing the tissue was mounted on the stage of a Zeiss inverted confocal laserscanning microscope (model 510 or 410) and viewed through a ϫ40 water-immersion objective (numeric aperture ϭ 1.2). A 488-nm laser line (Ar-ion laser), a 505-nm dichroic filter, and a 510-nm long-pass emission filter were used. Low laser intensity was used to avoid photobleaching. With the photomultiplier gain set to yield an average cellular fluorescence intensity of 50-100 U (full scale ϭ 255 U), tissue autofluorescence was undetectable. Tissue was viewed under reduced transmitted-light illumination. An area including undamaged epithelium and the underlying blood vessel was selected, and a confocal fluorescence image (512 ϫ 512 ϫ 8 bits) was acquired and saved to disk. Fluorescence intensities were measured from stored images using Zeiss Image Analyzer software, National Institutes of Health Image 1.61, or Scion Image software as described previously (12) . From each piece of tissue under investigation, 5-10 areas of epithelium and adjacent vasculature were selected for measurement. The background fluorescence intensity was subtracted, and the average pixel intensity for each area was calculated. Although some preparation-to-preparation variation in transport ability was noted, most of the differences in fluorescence intensities for control tissue reflect changes in photomultiplier gain settings. Data shown are results of single experiments that are representative of two to four experiments.
Initial experiments showed that at the photomultiplier gain settings used, measured fluorescence intensity was a linear function of FL concentration (up to 20 M). However, because there are uncertainties in relating cellular fluorescence to the actual concentration of an accumulated compound in cells and tissues with complex geometry, data are reported here as average measured pixel intensity rather than estimated dye concentration.
Tracer uptake. For radiolabel-uptake experiments, whole plexuses were removed to aCSF maintained at 37°C and gassed with 95% O2-5% CO2. Plexuses were then transferred to aCSF containing 10 M [ 3 H]2,4-D and added effectors. After 5 min, the tissue was removed, rinsed, blotted, weighed, and counted. Tissue uptake was calculated as the tissue-to-medium ratio [disintegrations/min (dpm)/mg of tissue divided by dpm/l of medium].
Statistics. Data are presented as means Ϯ SE. Means were compared using Student's t-test or one-way ANOVA followed by Dunnett's post-test using Prism software. Values were deemed to be significantly different when P Ͻ 0.05. Figure 1 shows transmitted light and confocal micrographs of choroid plexus tissue after 30 min of incubation in aCSF containing 1 M FL. In the transmittedlight image, the apical brush-border membrane appears as a refractile element between cells and medium (Fig.  1A) . The epithelial cells contain a large central nucleus and smaller organelles. Beneath the epithelium is an interstitial space, a perivascular space, and a blood vessel containing red cells. Unlike most other capillaries in the brain, those in choroid plexus are fenestrated and thus the endothelium should be no barrier to exchange of solutes between the vasculature and the interstitial/ perivascular spaces.
RESULTS
The confocal slice shows that FL accumulated in both the epithelial cells and the interstitial/perivascular/vascular spaces (Fig. 1B) . Fluorescence intensity in the cells is clearly greater than in the medium, and fluorescence intensity in the perivascular and vascular spaces is greater than in the cells, which indicates a two-step mechanism of transepithelial transport. Within the cells, fluorescence is distributed in both diffuse and punctate compartments (Fig. 1 , B and C), which suggests sequestration within vesicular structures as seen previously for organic cations in choroid plexus (16) and for organic anions in renal proximal tubule (14, 15) . Nuclear fluorescence appears to be lower than diffuse cytoplasmic fluorescence (Fig. 1C) . Because the nucleus contains no vesicular organelles and because the nuclear envelope should be no barrier to diffusion of a small molecule such as FL, nuclear levels may be an indicator of fluorescence intensity in organelle-free cytoplasm.
Within the blood vessels, red cells can be seen as areas of very low fluorescence, thereby indicating exclusion of FL from these cells or quenching of fluorescence by hemoglobin (Fig. 1B) . Despite the low fluorescence within red cells, spaces between and around these cells are highly fluorescent, i.e., roughly equivalent to the perivascular space. Figure 2 shows a single slice from a stack of confocal images (z-series) as well as z-sections cut at right angles through the stack. The z-sections show that high levels of fluorescence extend from the base of the epithelial cells up toward the tight junctions at the apex of the lateral intercellular spaces. This high level of fluorescence often fills a continuous space extending from the interstitial space below the tight junctions to the interior of the blood vessels. A sense of the three-dimensional relationships among tissue elements can be obtained by viewing the stereo images in Fig. 3 . Figure 4 shows the time course of FL accumulation in choroid plexus epithelial cells and vascular spaces. Experiments in which steady-state levels of fluorescence were measured indicate that FL transport was metabolism dependent and specific. Inhibiting metabolism with KCN reduced cellular and vascular fluorescence by 75% (Fig. 5) . Addition of the organic anions probenecid (10 M) or 2,4-D (25 M) to the medium also substantially reduced cellular and vascular fluorescence. p-Aminohippurate (PAH) at 100 M was much less effective in that it only reduced cellular accumulation of FL by ϳ30% and did not significantly affect vessel fluorescence. PAH appears to be a poor inhibitor of organic anion transport in choroid plexus (20) , and it is possible that in these experiments PAH did not attain a high enough concentration within choroid plexus cells to affect the exit step of FL transport. Leukotriene C 4 (LTC 4 ) was without effect (Fig. 5) .
Previous studies using isolated apical membrane vesicles from choroid plexus and choroid plexus slices have shown that transport of the anionic herbicide 2,4-D across the apical membrane is indirectly coupled to the Na ϩ gradient (20) . Energetic coupling was through Na ϩ -dicarboxylate cotransport and 2,4-D/dicarboxylate exchange. Thus transport in intact tissue could be inhibited by treatments that reduced the Na ϩ gradient (Na ϩ depletion and ouabain) and stimulated by treatments that increased the dicarboxylate gradient [incubation with glutarate, a nonmetabolizable analog of ␣-ketoglutarate, which rapidly accumulates intracellularly (20) ]. Figure 6 shows that replacing onehalf of the NaCl in aCSF did not affect FL transport but that replacing all of the NaCl (Na ϩ concentration of 25 mM due to NaHCO 3 ) significantly reduced cellular and luminal fluorescence. Ouabain, an inhibitor of Na,K-ATPase, also significantly reduced cellular and vascular fluorescence (Fig. 6 ). With 5 mM ouabain, cellular fluorescence decreased by 60% and vascular fluorescence decreased by 75%. Consistent with the indirect coupling mechanism, addition of 1-10 M glutarate to the medium increased cellular and vascular fluorescence by 60-80% (Fig. 7) . Thus FL uptake at the apical membrane and efflux into the vascular space were dependent on the Na ϩ gradient and enhanced by dicarboxylate.
Nothing is known about the basolateral step in organic anion transport in choroid plexus. In renal proximal tubule, membrane vesicle studies indicate PDdriven facilitated diffusion in all species studied and anion exchange in some species (19) , but experiments with intact tubules show no evidence of PD-driven transport (12, 24) . To determine whether organic anion transport across the basolateral membrane of choroid plexus is PD driven, we increased the medium potassium concentration ([K ϩ ]) 10-fold by replacing NaCl with KCl. This maneuver should have depolarized the cells and, because the tissue is a leaky epithelium that supports at most a small transpithelial PD, it should have depolarized both faces of the epithelial cells. Exposure to high-K ϩ aCSF increased cellular fluorescence by 25% and decreased vascular fluorescence by 65% (Fig. 8A) . As a result, the vessel-to-cell fluorescence-intensity ratio decreased from 2.6 Ϯ 0.08 in control tissue to 0.7 Ϯ 0.04 in high-K ϩ tissue (P Ͻ 0.01). Note that in these experiments, we raised the medium K ϩ level by replacing NaCl with KCl. Although FL transport is clearly Na ϩ dependent, Fig. 6 shows that decreasing the aCSF Na ϩ concentration by 51 mM had little effect on FL accumulation. Thus the effects of elevated aCSF [K ϩ ] that are seen in Fig. 8A cannot be attributed to reduced aCSF Na ϩ concentration. Although high K ϩ levels appeared to affect the transport of FL from cell to vascular space substantially more than from aCSF to cell (Fig. 8) , we wished to confirm the finding in an experiment in which uptake of substrate at the apical membrane was not a factor. To do this, we took advantage of CFDA, a nonfluorescent compound that enters cells by simple diffusion and is cleaved by esterases to produce the fluorescent organic anion carboxyfluorescein (CF). Previous imaging studies with renal proximal tubules showed that CF transport from cell to tubular lumen was inhibited by PAH and probenecid but that transport was not PD dependent (12) . When choroid plexus tissue was incubated in medium containing CFDA, CF accumulated in cells and perivascular/vascular spaces (Fig. 9A) . In fact, the CF distribution pattern looked very much like that observed for FL. Addition of 10 M 2,4-D to the medium reduced vascular accumulation of CF and increased cellular accumulation, which indicates specific transport out of the cell at the basolateral membrane and increasing accumulation of the enzymatically generated fluorescent organic anion when efflux was blocked (Fig. 9B) . Incubation in high-K ϩ aCSF increased CF fluorescence in cells and decreased CF fluorescence in the perivascular/vascular space (Figs. 8B and 9, C and D); high-K ϩ medium reduced the vessel-to-cell fluorescence ratio from 1.5 Ϯ 0.03 in controls to 0.23 Ϯ 0.01 in high-K ϩ -treated tissue. These results are consistent with blocked efflux of CF at the basolateral membrane. Thus, for two fluorescent organic anions, one of which was generated intracellularly, transport out of the choroid plexus epithelial cells at the basolateral membrane was greatly reduced when the cells were depolarized with high K ϩ levels. It is interesting to compare the present confocal imaging results with those obtained using radiotracer techniques. In initial experiments, we found that the uptake of 10 M [ 3 H]2,4-D by intact rat choroid plexus was rapid and reached a steady-state tissue-to-medium ratio of ϳ40 within 20 min (not shown). Figure 10 shows that in agreement with previous studies (7, 20) and the present imaging data, [ 3 H]2,4-D uptake (5-min initial rate) was concentrative and was reduced by unlabeled 2,4-D, Na ϩ replacement, and ouabain. For present purposes, two new observations are particularly important. First, 10-100 M FL inhibited 2,4-D uptake (Fig. 10) . Because 2,4-D also inhibits FL uptake (see Fig. 5 ), these organic anions probably share a common pathway for uptake in choroid plexus. Second, incubating tissue in medium with high K ϩ levels did not significantly affect 2,4-D uptake (Fig. 10) . Because the imaging experiments showed that high K ϩ levels tended to increase cellular accumulation of FL but to reduce vessel accumulation (see Figs. 8 and 9 ), the lack of effect of high-K ϩ medium on [ 3 H]2,4-D uptake could indicate a similar pattern of largely offsetting effects. Clearly, the tracer-uptake data alone give no indication that high [K ϩ ] could have such profound effects on organic anion distribution within the tissue.
DISCUSSION
The cells of the CNS are particularly sensitive to chemical injury and thus require a highly regulated extracellular environment. In this regard, the choroid plexus is a potent excretory system that transports xenobiotics and metabolic wastes from the CSF to the blood for eventual elimination in the urine and bile. Our understanding of the transport mechanisms by which choroid plexus does this is hampered by its small size, inaccessible location, and morphological complexity. To date, information about transport function in intact tissue has come from studies of solute movements in vivo and from drug-uptake experiments in vitro. Thus we have some understanding of the mechanisms that drive xenobiotic uptake at the apical membrane of the tissue but little information on subsequent steps. The present experiments describe a new approach to understanding mechanisms of transport in intact choroid plexus. We have used confocal microscopy and quantitative image analysis to follow the transport of FL, a fluorescent organic anion, across the intact, living, choroid plexus epithelium and into the underlying stroma and blood vessels. This approach provides the advantages of optical sectioning and spatial resolution down to the submicron level. As a result, we have been able to visualize and measure FL distribution within several compartments of the tissue and within the epithelial cells responsible for vectorial transport. Steady-state FL distribution within choroid plexus tissue was not uniform. Relative to aCSF, all tissue compartments (with the possible exception of red cells) concentrated FL, but accumulation was higher in the interstitial/perivascular and vascular spaces than in the epithelial cells. Because fluorescence intensity increased from aCSF to epithelium to vascular space, transepithelial transport of FL must be the result of two uphill steps arranged in series with one at the apical plasma membrane and the other at the basolateral membrane.
The present data show that the first step is specific, coupled to metabolism, and Na ϩ dependent. Cellular accumulation of FL was inhibited substantially by micromolar concentrations of the organic anions probenecid and 2,4-D and to a much smaller extent by PAH. Also, our data show that FL was a potent inhibitor of 2,4-D accumulation in rat choroid plexus slices, which suggests that the two organic anions share a common transport pathway. However, LTC 4 had no effect on FL transport, which indicates that multidrug resistance proteins (MRPs) and organic ion transport proteins (OATPs), transporters that are expressed in choroid plexus but that generally handle larger organic anions, were not involved in the transport of FL. In this regard, recent studies certainly provide evidence for these transporters playing an important role in the handling of other xenobiotics by choroid plexus (5, 6, 8, 17, 28) .
The present data show that transport of FL (cellular and vascular accumulation) decreased when metabolism was inhibited by KCN, when bath Na ϩ was reduced from 130 to 26 mM, and when the tissue was exposed to ouabain. Moreover, accumulation increased by Ͼ50% when 1-10 M glutarate was added to the bath. This pattern of effects is identical to the one obtained in studies of radiolabeled 2,4-D accumulation in rat choroid plexus (Refs. 7, 20 , and the present study) and is consistent with at least a portion of FL uptake being mediated by OAT1 through FL/dicarboxylate exchange and Na ϩ -dicarboxylate cotransport as in renal proximal tubule (19) .
Note that with each of these treatments, we found parallel changes in FL accumulation in the epithelial cells, interstitial/perivascular spaces, and blood vessels. That is, as with cells, accumulation in vessels decreased with competitor organic anions, KCN, and low Na ϩ and ouabain levels, and increased with glutarate. Thus, as in renal proximal tubule (19) , the first step in transport, i.e., indirect coupling of organic anion uptake to Na ϩ at the apical membrane of choroid plexus, drives not only cellular accumulation but also transepithelial transport.
Confocal imaging has allowed us for the first time to visualize and explore the second step in transport: efflux at the basolateral membrane. We tested whether this step was PD sensitive by determining the effect on transport of increasing the medium [K ϩ ] by 10-fold. This maneuver should have depolarized the apical membrane and, because the tissue is a leaky epithelium that supports at most a small transepithelial PD, it should have also depolarized the basolateral membrane. In a primary culture of neonatal rat choroid plexus cells, a similar increase in medium [K ϩ ] depolarized the PD by 40 mV (27) . In the present study, increasing the medium [K ϩ ] reduced vessel accumulation of FL but increased cellular FL. As a result, the lumen-to-cell fluorescence ratio decreased from 2.6 to 0.6. This is the only treatment that reduced this ratio below unity, which suggests an effect on basolateral efflux that could not be accounted for by the smaller reduction in cellular accumulation.
To further characterize the efflux step, we used CFDA as substrate. This compound is uncharged and membrane permeant. Within cells, it is hydrolyzed to CF, a fluorescent organic anion. Thus the use of CFDA allowed us to bypass the entry step at the apical mem- brane and focus on organic anion efflux at the basolateral membrane. CF efflux was clearly mediated, because it was blocked by 2,4-D. Moreover, as with FL, increasing medium [K ϩ ] also blocked CF efflux at the basolateral membrane. It is unlikely that the high-K ϩ medium reduced FL and CF transport by inhibiting cell metabolism or opening tight junctions, because uphill transport of the large organic anions, Texas red free acid, and FL-methotrexate was not decreased when medium [K ϩ ] was increased (D. S. Miller, unpublished observations). These compounds must exit choroid plexus epithelial cells by a mechanism that is different from the one used by the smaller organic anions FL and CF. Thus, for the two small organic anions tested, FL and CF, depolarization reduced cellto-vessel transport, which indicates PD-driven efflux at the basolateral membrane.
The present confocal-imaging study has also opened a window on the distribution of organic anions within choroid plexus epithelial cells. The images show that FL was distributed in diffuse and punctate compartments and that punctate fluorescence was substantially higher than diffuse cytoplasmic fluorescence. A similar distribution was found in renal tissue that transports organic anions (opossum kidney cells and intact teleost proximal tubules), where FL concentrated in vesicles that moved by a microtubule-dependent mechanism and where vesicle-mediated transport appeared to contribute to net secretion (14, 15) . In addition, an endosome-based mechanism has been proposed to contribute to organic cation transport in kidney and choroid plexus (16, 21) . Whether vesicle-mediated mechanisms contribute to organic anion transport in choroid plexus is a focus of current experiments.
As in renal proximal tubule (2, 25), we are now developing at the cellular and molecular levels a mechanistic understanding of the processes that drive excretory transport of small organic anions from CSF to blood in choroid plexus. Recent studies have identified OAT1 (20) and OAT3 (9) as being expressed in the tissue. rOAT1 appears to be targeted to the apical membrane of rat choroid plexus epithelial cells, and OAT1 is the only member of the OAT subfamily of transporters with demonstrated energetic coupling to the Na ϩ gradient (25) . Based on these characteristics and the present results for FL, rOAT1 is one likely candidate for the transporter mediating apical uptake in choroid plexus.
We know considerably less about OAT3 localization and function. The rat and human forms of this transporter have been cloned (3, 9) . When expressed in Xenopus oocytes, hOAT3 and rOAT3 clearly have wider specificity profiles than hOAT1 or rOAT1. For both species, OAT3 mRNA has been detected in brain and possibly in choroid plexus. In kidney, hOAT3 has been immunolocalized to the basolateral membrane of proximal tubules, where it along with hOAT1 could mediate organic anion uptake (3) .
At present, it is not clear how transport on OAT3 is coupled to cellular metabolism, which is an important issue if this transporter is responsible for driving organic anions into renal proximal tubule and choroid plexus epithelial cells. Estrone sulfate transport on rOAT3 and hOAT3 was not Na ϩ dependent and was not trans-stimulated by any of the organic anions tested (3, 9) . Nevertheless, if OAT3 were localized to the apical membrane of choroid plexus epithelial cells, it could provide a second pathway for organic anion uptake as suggested by Kusuhara and colleagues (9) . It remains to be demonstrated whether this pathway exhibits indirect coupling to Na ϩ , a characteristic of the uptake of FL (present study) and 2,4-D (20) in choroid plexus. Alternatively, if OAT3 were on the basolateral membrane of choroid plexus epithelial cells and if it were capable of PD-driven transport, it could mediate organic anion efflux. Clearly, additional studies are needed to complete at the molecular level identification of the transporters responsible for organic anion transport across choroid plexus.
Finally, as with renal proximal tubules (11) and brain capillaries (13) , the present study again demonstrates the power of quantitative fluorescence-based microscopic techniques to probe intact living-tissue transport mechanisms at the cellular and subcellular levels. Confocal imaging provides information about spatiotemporal aspects of vectorial transport that cannot be obtained with more traditional radiotracer and molecular techniques. The challenge is to be able to use imaging with the other techniques to build detailed models of transport that will help us understand function and regulation at multiple organizational levels.
